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Predicting the earliest deviation in weight =

gain in the course towards manifest overweight
in offspring exposed to obesity in pregnancy:
a longitudinal cohort study
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Maria Delius?, Kristin Lange”, Uta Nennstiel’, Adelbert A. Roscher®, Ulrich Mansmann'" and
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Abstract

Background: Obesity in pregnancy and related early-life factors place the offspring at the highest risk of being over-
weight. Despite convincing evidence on these associations, there is an unmet public health need to identify “high-
risk” offspring by predicting very early deviations in weight gain patterns as a subclinical stage towards overweight.
However, data and methods for individual risk prediction are lacking. We aimed to identify those infants exposed to
obesity in pregnancy at ages 3 months, 1 year, and 2 years who likely will follow a higher-than-normal body mass
index (BMI) growth trajectory towards manifest overweight by developing an early-risk quantification system.

Methods: This study uses data from the prospective mother-child cohort study Programming of Enhanced Adipos-
ity Risk in CHildhood-Early Screening (PEACHES) comprising 1671 mothers with pre-conception obesity and without
(controls) and their offspring. Exposures were pre- and postnatal risks documented in patient-held maternal and child
health records. The main outcome was a "higher-than-normal BMI growth pattern” preceding overweight, defined as
BMI z-score >1 SD (i.e.,, World Health Organization [WHQ] cut-off “at risk of overweight”) at least twice during consecu-
tive offspring growth periods between age 6 months and 5 years. The independent cohort PErinatal Prevention of
Obesity (PEPO) comprising 11,730 mother-child pairs recruited close to school entry (around age 6 years) was avail-
able for data validation. Cluster analysis and sequential prediction modelling were performed.

Results: Data of 1557 PEACHES mother-child pairs and the validation cohort were analyzed comprising more than
50,000 offspring BMI measurements. More than 1-in-5 offspring exposed to obesity in pregnancy belonged to an
upper BMI z-score cluster as a distinct pattern of BMI development (above the cut-off of 1 SD) from the first months of
life onwards resulting in preschool overweight/obesity (age 5 years: odds ratio [OR] 16.13; 95% confidence interval [Cl]
9.98-26.05). Contributing early-life factors including excessive weight gain (OR 2.08; 95% Cl 1.25-3.45) and smoking
(OR 1.94; 95% CI 1.27-2.95) in pregnancy were instrumental in predicting a “higher-than-normal BMI growth pattern”
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at age 3 months and re-evaluating the risk at ages 1 year and 2 years (area under the receiver operating characteristic
[AUROC] 0.69-0.79, sensitivity 70.7-76.0%, specificity 64.7-78.1%). External validation of prediction models demon-

strated adequate predictive performances.

Conclusions: We devised a novel sequential strategy of individual prediction and re-evaluation of a higher-than-nor-
mal weight gain in “high-risk”infants well before developing overweight to guide decision-making. The strategy holds
promise to elaborate interventions in an early preventive manner for integration in systems of well-child care.

Keywords: Maternal pre-conception obesity, Early weight gain, BMI growth, Infancy, Sequential prediction, Repeated

risk assessment, Subclinical stage, Early prevention

Background

Global rates of childhood obesity have increased dra-
matically [1]. Children with overweight or obesity are at
high risk of maintaining overweight or obesity in adult-
hood and developing morbidities including type 2 dia-
betes (T2D), hypertension, and cardiovascular disease
[2]. Recent evidence supports that the greatest accel-
eration in the child’s body mass index (BMI) growth
related to sustained obesity occurs between the age of
2 and 6 years [3], suggesting that this period is critical
for establishing long-term growth patterns. Before this
period, in the “developmentally plastic” first 2 years of
life [4], rapid postnatal weight gain has been shown to
be associated with later overweight and obesity [5].

As one of the most important risk factors [6, 7], pre-
conceptional maternal overweight and obesity, which
affect up to 70% of pregnant women worldwide [8] and
about 40% in Germany (obesity 16.4%) [9], contrib-
ute to an average 2- to 6-fold increased risk of over-
weight or obesity in the offspring. This effect depends
on the severity of maternal obesity and the age of the
child (ranging from odds ratio [OR] 2.35, 95% confi-
dence interval [CI] 2.14-2.59 at age 2-5 years to OR
5.98, 95% CI 4.50-7.94 at age 10-18 years) [10]. Dur-
ing pregnancy, women with obesity are 2.5 times
more likely to experience excessive gestational weight
gain (GWG) [11, 12] and have a 3- to 5.5-fold higher
chance of developing gestational diabetes (GDM) [13]
than women with normal weight. After delivery, more
than one third of mothers with overweight/obesity do
not initiate breastfeeding [14], all representing specific
single risk factors for childhood overweight. Circum-
stantial observations showed that maternal obesity and
the presence of additional prenatal and/or postnatal
factors, such as excessive GW@G, no or short duration
of breastfeeding, and unfavorable childhood eating
habits, confer a substantially higher risk of overweight
in offspring than maternal obesity alone [15-17]. This
suggests that consideration of multiple and cumulative
modifiable risk factors emerging across the very early-
life span [18, 19] may help to design overweight preven-
tion strategies for offspring of mothers with obesity.

Despite overwhelming evidence for associations of
such risk factors with childhood overweight and obe-
sity [20, 21], there is an unmet public health need to
identify vulnerable infants who are at highest risk of
gaining more weight than expected prior to the mani-
festation of overweight. Previous studies have focused
on the prediction of manifest overweight/obesity in
preschool and school-age children, mainly for use at a
given age [22]. However, sequential prediction of the
earliest deviations in weight gain patterns that precede
the manifestation of overweight is not yet achieved on
an individual level because of the lack of underpin-
ning data on longitudinal BMI development and con-
tributing predictors to develop such an approach. This
would require a dynamic prediction-guided prevention
strategy with serial risk assessments for “high-risk” off-
spring, such as those exposed to obesity in pregnancy.

In this study, we first evaluated longitudinal BMI
growth patterns in offspring of mothers with obesity
versus those of mothers without obesity. Secondly, a
“higher-than-normal BMI growth pattern” was uti-
lized as the endpoint, in order to define a still pre-
symptomatic at-risk status for taking a course towards
“manifest overweight” Furthermore, we used well-
documented risk associations to analyze potential
contributions to the risk of developing this endpoint.
The identified contributors were then condensed into
a novel risk quantification system to identify those
offspring from pregnancies with obesity who are at
increased risk of higher-than-normal BMI growth.
Finally, we embedded this prediction system into a pub-
lic health approach utilizing the setting of well-child
visits for early preventive interventions. We used a
unique and comprehensive set of longitudinal data from
the high-risk cohort Programming of Enhanced Adi-
posity Risk in CHildhood—Early Screening (PEACHES)
of mothers with obesity and their offspring and exter-
nally validated our findings in the population-based
mother-child cohort PErinatal Prevention of Obesity
(PEPO).
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Methods

Study design and populations

PEACHES is an ongoing prospective mother-child
cohort study of 1671 pregnant women, mainly with
obesity (n = 949, 56.8%), designed to investigate the
long-term consequences of maternal pre-conception
obesity on the development of overweight and related
metabolic diseases in mothers and their offspring [23,
24]. Pregnant women were prospectively recruited
during their first visit to maternity clinics (4—6 weeks
before due date) in 23 hospitals mainly in the Munich
area, Bavaria (southern Germany), and also in the Uni-
versity Hospital of Diisseldorf (western Germany) and
parts of northern Germany between 2010 and 2015
[24]. Inclusion criteria in the PEACHES cohort were
maternal age >18 vyears, singleton pregnancy, gesta-
tional age at birth >37 weeks, pre-conception BMI
>30 kg/m?, and absence of preexisting type 1 diabetes
(T1D) or T2D [25]. The cohort also includes moth-
ers with normal weight, both with and without GDM,
recruited as control groups [24], and a smaller pro-
portion of overweight (and a minor number of under-
weight) mothers. In case the pregnancy record booklet
was not ready to hand at recruitment, the mothers were
re-categorized into BMI groups based on measured and
recorded weight values as soon as the pregnancy record
booklet became available, leading to reclassification
of some women into overweight or underweight BMI
categories [26], respectively. The study protocol of the
PEACHES cohort was published elsewhere [24].

Data from the independent German mother-child
cohort PEPO [27, 28] were used for validation. In the
PEPO cohort, 11,730 children and their mothers were
recruited from October 2009 to June 2011 prior to
the mandatory school entry health examinations in
6 widely distributed geographical regions in Bavaria,
southern Germany, both urban and rural. Inclusion cri-
terion in the PEPO cohort was age of the child close to
school entry (around 6 years). Parents and their chil-
dren were invited by mail to participate via leaflets.

The local ethics committee of the Ludwig-Maxi-
milians-Universitdt Miinchen, Germany, approved
the cohort studies. Written informed consent was
provided by all participants. The results from this
study were analyzed and reported in accordance
with the STrengthening the Reporting of OBserva-
tional studies in Epidemiology (STROBE) [29] and
Transparent Reporting of a multivariable prediction
model for Individual Prognosis Or Diagnosis (TRI-
POD) [30] guidelines (Additional file 1: S1 STROBE
Checklist, S2 TRIPOD Statement). Data for the anal-
yses were retrieved from the PEACHES and PEPO
databases in April 2020.
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Procedures

Inclusion criteria for analysis

Mothers included in the analysis were mothers with or
without pre-conception obesity, were not diagnosed
with T1D/T2D, and had a full-term (>37 weeks 0 days
of gestation) singleton live birth. For all analyses in each
of the cohort datasets, we combined mothers with nor-
mal weight and overweight into the category “mothers
without obesity” (<30 kg/m?), which served as a con-
trol group, as reported by others [31, 32]. Underweight
women (PEACHES, n = 17; PEPO, n = 392) were
excluded from the analyses.

Potential predictors of higher-than-normal BMI growth

In the PEACHES cohort study, data were obtained
mainly from patient-held maternal and child health
records (i.e., pregnancy record booklet and well-child
booklet) for variables including maternal BMI at con-
ception, total GWG, blood glucose concentrations for
diagnosing GDM, parity, offspring sex and birth weight,
and child anthropometric data. Data on maternal smok-
ing during pregnancy, parental socioeconomic status
(SES), and breastfeeding were gathered through ques-
tionnaires using questions from the “German Health
Interview and Examination Survey for Children and
Adolescents” (KiGGS) cohort study [33]. Information
relating to prenatal factors was collected retrospectively
shortly after delivery, mainly from documentation in the
health records or via questionnaire and/or a standardized
physician-administered telephone interview (e.g., smok-
ing during pregnancy) [24]. In the PEPO cohort study,
at the time of the health exam prior to primary school
entry at around age 6 years, families were requested to
fill out a detailed questionnaire, also containing questions
from the KiGGS study [33]. In addition, trained study
nurses copied all weight-related maternal and offspring
data from the pregnancy record and well-child booklets,
respectively.

Potential prenatal and postnatal risk predictors of
higher-than-normal BMI growth were selected accord-
ing to their known literature-based associations with
offspring growth [34] and/or obesity [21, 35] and the
availability of the data in both cohorts: maternal pre-
conception BMI group, total GWG, GDM, parity, smok-
ing during pregnancy, sex, birth weight category for
gestational age and sex, SES, breastfeeding status at 1,
3, and 6 months, and offspring BMI status at the time of
prediction.

Data on maternal pre-conception BMI was obtained
at the time of recruitment from the pregnancy record
booklet in both the PEACHES and the PEPO cohort
studies. The pregnancy record booklet contains detailed
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information on ultrasound checkups, laboratory assess-
ments, and weight measurements at multiple times col-
lected by the obstetrician during antenatal care visits
[24]. We used the BMI measured at the first antenatal
visit as a surrogate for “pre-conception BMI” based on
studies showing only a minimal difference between pre-
conception weight self-reported and weight measured at
the earliest antenatal visit during the first trimester [27,
36] and through own analyses (Additional file 1: Text S2,
paragraph 1.1) [37]. In the PEACHES cohort, BMI was
based on maternal weight and height measured (in light
clothing and without shoes) by trained medical personnel
at the first antenatal visit in the physicians’ offices, if the
visit was before 12 weeks 6 days of gestation (PEACHES
92.4%, mean 9 weeks [SD 2 weeks] of gestation; PEPO
88.5%, mean 8 weeks [SD 2 weeks] of gestation). If the
first antenatal visit was later than the 13th week of ges-
tation (PEACHES 7.6%, PEPO 11.5%), pre-conception
weight and height data as reported by the woman and
documented at the first antenatal visit was abstracted
from the pregnancy record booklet to calculate the pre-
conception BMI.

Maternal pre-conception BMI groups were defined
according to World Health Organization (WHO) catego-
ries [26] in both the PEACHES and PEPO cohort stud-
ies: normal weight (BMI 18.5 to 24.9 kg/m?), overweight
(BMI 25.0 to 29.9 kg/m?), or obese (BMI >30.0 kg/m?).
Mothers with obesity were further classified according
to the severity of obesity, which included class 1 obesity
(BMI 30.0 to 34.9 kg/m?), class 2 obesity (BMI 35.0 to
39.9 kg/m?), and class 3 obesity (BMI >40.0 kg/m?).

Total GWG was calculated using serial weight meas-
urement data, which were documented in the pregnancy
record booklet by the consulted physician throughout
pregnancy [27]. Total GWG was defined as the difference
between the last measured weight before delivery and
pre-conception weight as defined above and was catego-
rized as inadequate, adequate, or excessive according to
the 2009 BMI-specific recommendations of the Institute
of Medicine (now known as the National Academy of
Medicine)/National Research Council [38].

GDM was defined as “diabetes diagnosed in the sec-
ond or third trimester of pregnancy that was not clearly
overt diabetes prior to gestation” [39]. All women of
the PEACHES cohort who met the inclusion criteria
for analysis had GDM testing by undergoing a 50-g glu-
cose challenge test (GCT) or a 75-g oral glucose toler-
ance test (OGTT) during the second or third trimester
of pregnancy (median 25 weeks 5 days, interquartile
range [IQR] 3 weeks 1 day) [39, 40]. Diagnosis of GDM
in the PEACHES cohort was based on blood glucose con-
centrations obtained either from the pregnancy record
booklet or from laboratory test reports provided by the
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obstetrician. The GDM test was defined as positive when
one or more of the three glucose concentrations of a 75-g
OGTT met or exceeded the reference values according to
the International Association of Diabetes and Pregnancy
Study Groups (IADPSG) criteria (1-step procedure): fast-
ing glucose >5.1 mmol/l (92 mg/dl), 1-h post-load glu-
cose >10 mmol/l (180 mg/dl), or 2-h post-load glucose
>8.5 mmol/l (153 mg/dl) [41]. In the 2-step procedure, a
positive 50-g GCT (defined as 1-h post-load glucose con-
centration >7.8 mmol/l [140 mg/dl] [39]) was followed
by a 75-g OGTT according to the IADPSG diagnostic
criteria [41]. In the PEPO cohort, women reported the
presence of GDM at the time of the school entry health
examinations [42] by answering the question: “Was dia-
betes newly diagnosed in pregnancy prompting dietary
or insulin treatment?” At the time of the mothers’ preg-
nancies, GDM testing was performed between 24 weeks
0 day and 28 weeks 0 day of gestation according to the
recommendations of the German Diabetes Association
at the time of the study [43], which were comparable to
those of the American Diabetes Association at that time
[44]. All women with a diagnosis of GDM had received
recommendations on treatment with insulin and/or diet,
had been advised on weight gain goals, and had been
monitored until the end of pregnancy by their treating
physicians.

Data on maternal smoking were obtained retrospec-
tively through two independent data sources in the
PEACHES cohort (questionnaire sent to each participant
and telephone interview, both carried out shortly after
delivery) and by questionnaire alone in the PEPO cohort.
Reported maternal smoking during pregnancy and/or the
postpartum phase were categorized as “any time” versus
“no time” [27].

Information on parity was abstracted from the preg-
nancy record booklet and categorized as primiparous
(one child) or multiparous (more than one child) [45].

Data on offspring sex and birth weight were abstracted
from the well-child booklets [24]. Birth weight adjusted
for gestational age and sex was categorized as large-
for-gestational-age (LGA; >90th percentile), average-
for-gestational-age (AGA; 10th to 90th percentile), or
small-for-gestational-age (SGA; <10th percentile) based
on the German reference population [46].

Parental SES at birth was defined using an addi-
tive index based on maternal and paternal educational
background and current type of maternal and paternal
employment [47]. Information on parental education
and parental employment was collected using a question-
naire, either sent to each participant in the PEACHES
cohort or completed at the school entry health exam in
the PEPO cohort. Educational background was catego-
rized as “low” (<10 years of formal education [score: 1]),
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“medium” (10 years of formal education [score: 2]), or
“high” (>10 years of formal education [score: 3]). Type of
employment was categorized as “not employed” (score: 1)
or “at least part-time employed” (score: 2). The parental
scores of educational background and employment sta-
tus were added to derive the total parental score or SES,
which was categorized as “low/medium” (total parental
score <8) or “high” (total parental score > 8).

Breastfeeding data at each time point including ages
1 month, 3 months, and 6 months were obtained retro-
spectively through questionnaires in both the PEACHES
(at child’s ages 6 weeks and 1 year) and the PEPO cohorts
and dichotomized as “not full” or “full” “Full” includes
both exclusive and predominant breastfeeding [48],
where “predominant” means that the infant’s main source
of nourishment during that time was breastmilk and that
the infant may also have received water, water-based
drinks, fruit juice, drops, or syrups [49].

Growth outcomes until age 5 years

In both the PEACHES and the PEPO cohort studies,
child anthropometric data were abstracted from records
of the regular well-child visits conducted by trained pedi-
atricians and other professionals of the preventive health
program offered to all children in Germany. In addition,
anthropometric measurements were taken by trained
study nurses during the school entry health exam of the
PEPO children, including weight, height, and waist cir-
cumference, and carried out three times under standard-
ized conditions [27].

In the PEACHES cohort, data from up to 9 consecutive
measurements of weight and length/height were avail-
able during the first 5 years of life. These 9 measurements
were collected at birth, the 1-month visit (ages 4 to 5
weeks), 3-month visit (ages 3 to 4 months), 6-month visit
(ages 6 to 7 months), 1-year visit (ages 10 to 12 months),
2-year visit (ages 21 to 24 months), 3-year visit (ages 34
to 36 months), 4-year visit (ages 46 to 48 months), and
5-year visit (ages 60 to 64 months). The PEPO cohort
consisted of a maximum of 4 measurements from both
the well-child visits (i.e., at birth, 1-year visit, and 2-year
visit) and the school entry health examination.

Consecutive age- and sex-specific BMI z-scores (WHO
Child Growth Standards) [50, 51] were calculated to
first identify (i) upper BMI growth clusters and (ii) off-
spring with overweight/obesity at ages 4 and 5 years,
respectively. We defined offspring weight status at each
time point using the WHO BMI z-score categoriza-
tions including >1 to <2 SD, >2 to <3 SD, >3 SD as “at
risk of overweight,” “overweight,” and “obesity;,’ respec-
tively, for children aged <60 months [51]. For children
>61 months, we defined “overweight” and “obesity” as
>1 to <2 SD and >2 SD, respectively. The category “BMI
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z-score >1 SD” included offspring “at risk of overweight,’
with overweight, or with obesity [51]. We assumed that
within a normally distributed population of offspring,
15% of offspring will be above the WHO BMI z-score
cut-off of 1 SD [50].

Next, as the main study outcome, we used “higher-
than-normal BMI growth pattern” preceding over-
weight, which we defined as exceeding the BMI z-score
cut-off >1 SD at least twice in relevant offspring growth
phases between 6 months and 5 years of age. Within this
time window, we defined “early phase” and “late phase”
as the period between 6 months to 2 years and 3 years
to 5 years, respectively. Each growth phase contained
three follow-up time points of BMI z-score assessments
from well-child visits (early phase: 6-month, 1-year, and
2-year follow-ups; late phase: 3-year, 4-year, and 5-year
follow-ups).

Statistical analysis

The statistical analysis plan for all analyses can be found
in the Text S1 (Additional file 1) [38, 46, 51]. We used the
PEACHES cohort to search for structures and develop
prediction models and performed sample size calcula-
tions to determine the appropriate size of the validation
cohort. Internal and external validation was performed.
Missing data were handled as missing completely at ran-
dom since missing data relate to the timing of recruit-
ment into the PEACHES cohort (i.e., offspring were too
young to have their well-child follow-up at the time of
data retrieval). Follow-up drop-out in offspring mainly
occurred because of moving away from the study area
(Additional file 1: Table S1). Given the small proportions
of missing values in child follow-up data (PEACHES: 7%,
PEPO: 4%, Additional file 1: Table S1), we could not iden-
tify factors related to the drop-out of participants and
hence did not apply missing at random or informative
missing principles.

To identify distinct BMI growth patterns from birth
to 5 years of age, we performed a k-means cluster analy-
sis on the longitudinal data of children of mothers with
obesity (target group) and those of mothers without obe-
sity (control group), respectively, as a non-parametric
explorative analysis. We explored simultaneous effects of
prenatal and postnatal factors on the endpoint “higher-
than-normal BMI growth pattern” in offspring from birth
to 5 years of age and during the early and late phases sep-
arately by logistic regression (including the early-phase
BMI growth pattern as a potential factor influencing the
late-phase pattern).

The predictive potential of prenatal and postnatal fac-
tors on the offspring’s “higher-than-normal BMI growth
pattern” was examined using penalized logistic regres-
sion (least absolute shrinkage and selection operator
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Discovery Cohort

Validation Cohort

Women enrolled in the
PEACHES cohort
(n=1671)

Women enrolled in the
PEPO cohort
(n=11,730)

Inclusion criteria for analysis not meta (n=110)
or data on inclusion criteria not available (n=4)

Inclusion criteria for analysis not met? (n=1520)
or data on inclusion criteria not available (n=336)

Mothers with and without obesity
(n=1557)

Mothers with and without obesity
(n=9874)

Missing child follow-ups (n=27)

|

Cluster analyses®

Mothers with and without obesity
(n=1530)

Missing covariates or
follow-up

Age 3 months® (n=252)
Age 1 year® (n=370)
Age 2 years® (n=377)

Prediction analyses

Missing covariates or
follow-up

Age 1 year® (n=2683)
Age 2 years® (n=2776)

Mothers with and without obesity and with complete
data on covariates and child follow-ups

Prediction at age 3 months: n=1278
Prediction at age 1 year: n=1160
Prediction at age 2 years: n=1153

Mothers with and without obesity and with complete
data on covariates and child follow-ups®

Prediction at age 1 year: n=7191
Prediction at age 2 years: n=7098

SES, socioeconomic status; T1D, type 1 diabetes; T2D, type 2 diabetes

Fig. 1 Flow chart of the study populations. °Did not meet inclusion criteria for analysis, i.e., pre-conception obesity, overweight, or normal weight,
full-term (=37 weeks 0 days of gestation) singleton live birth, or absence of T1D/T2D. Pldentification of BMI growth clusters was not performed in
the PEPO cohort due to limited offspring follow-up time points. BMI growth clusters identified in the PEACHES cohort were validated in the PEPO
cohort. “Missing information on at least one of the potential prenatal and postnatal predictors including maternal pre-conception BMI group,
total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational age and sex, SES, breastfeeding status at 1, 3, and 6
months, and/or on offspring BMI status at the respective prediction time point. “External validation of prediction models at age 3 months was not
performed due to unavailability of offspring BMI data at age 3 months in the PEPO cohort. BMI, body mass index; GDM, gestational diabetes; GWG,
gestational weight gain; PEACHES, Programming of Enhanced Adiposity Risk in CHildhood—-Early Screening; PEPO, PErinatal Prevention of Obesity;

[LASSQO]) to develop consecutive prediction models and
risk scoring during well-child visits at age 3 months, 1
year, and 2 years. Models were optimized according to
their discriminative power (area under the receiver oper-
ating characteristic [AUROC]) by internal cross-valida-
tion. Risk scores were based on linear predictors from
logistic regression. All prediction models were externally
validated in the PEPO cohort. Calibration plots were
based on Steyerberg et al. [52]. Data were analyzed using
R software, version 3.5.1. Additional details on all statisti-
cal methods are available in the Text S2 (Additional file 1)
[37, 51, 53-65]. Information on the quantification of
individual risk including the development of risk scoring
and risk probability assessment is provided in the Text S3
(Additional file 1).

Results

Characteristics of study populations

A total of 1557 women (n = 887 [57.0%)] with obesity and
n = 670 [43.0%] without obesity) of the PEACHES cohort
and 9874 women (n = 917 [9.3%] with obesity and n =
8957 [90.7%] without obesity) of the PEPO cohort were
included in our analyses (Fig. 1, Table 1). The proportion

of women excluded from the analyses due to missing data
is <1% in the PEACHES cohort and 3.3% in the PEPO
cohort (Fig. 1).

Baseline characteristics of mothers with and with-
out obesity and their children are presented in Table 1.
Among the mothers without obesity in the PEACHES
cohort, 442 (66%) were normal weight and 228 (34%)
were overweight, whereas in the PEPO cohort, 6808
(76%) were normal weight and 2149 (24%) were over-
weight. There was good agreement (98.7%, n =
1218/1234) between pre-conception weight self-reported
and weight measured at the earliest antenatal visit (mean
9 weeks [SD 2 weeks] of gestation) of the PEACHES
women (correlation coefficient 0.988), similar to data of
the PEPO cohort [27].

Compared to control mothers without obesity, moth-
ers with obesity in each cohort had higher percent-
ages of LGA birth weight and shorter durations of full
breastfeeding. Among women with obesity in each of
the cohorts, despite having a lower mean total GWG,
there was a higher proportion of excessive GWG accord-
ing to the BMI-specific cut-offs [38] than among women
without obesity. The proportion of GDM among women
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Table 1 Characteristics of the study populations

Maternal/child characteristics Discovery cohort: PEACHES (n = 1557) Validation cohort: PEPO (n = 9874)
Mothers with obesity Mothers without Mothers with obesity Mothers without
(n=887) obesity (n = 670) (n=917) obesity (n =
8957)

Maternal characteristics

Age at conception, years 31.3(5.3) 326 (5.3) 29.2 (4.9) 29.0 (5.3)
Pre-conception BMI, mean (SD), kg/m? 37.0(5.2) 24.0(3.1) 34.1(3.8) 23.1(2.7)
Pre-conception BMI, median (IQR), kg/m2 36.1(7.3) 23.6 (4.8) 33.0(3.8) 226 (4.8)
Pre-conception BMI group

Normal weight NA 442 (66.0) NA 6808 (76.0)

Overweight NA 228 (34.0) NA 2149 (24.0)

Obese class | 384 (43.3) NA 633 (69.0) NA

Obese class Il 278 (31.3) NA 200 (21.8) NA

Obese class Il 225 (25.4) NA 84 (9.2) NA
GDM 321 (40.2) 359 (55.9)° 65(7.2) 213 (2.4)
Smoking at any time during pregnancy 250 (28.4) 110 (16.7) 146 (16.2) 977 (11.1)
Primiparous 444 (50.1) 387 (57.8) 551 (62.3) 5648 (66.3)
Socioeconomic status at birth, high 244 (31.0) 408 (69.6) 125 (14.2) 2519 (29.3)
Total GWG, kg 10.9 (6.9) 13.0(5.3) 103 (6.6) 13.8(5.0)
Total GWG

Adequate 218(24.7) 237 (35.7) 197 (23.1) 3175(384)

Excessive 512 (58.0) 237 (35.7) 486 (57.1) 3171 (38.3)

Inadequate 153 (17.3) 190 (28.6) 168 (19.7) 1925 (23.3)

Child characteristics

Sex, female 420 (47.4) 351 (52.4) 450 (49.1) 4315 (48.2)
Birth weight category

Average-for-gestational-age 690 (77.8) 520 (77.6) 684 (76.6) 7070 (81.1)

Large-for-gestational-age 101 (11.4) 45 (6.7) 130 (14.6) 677 (7.8)

Small-for-gestational-age 96 (10.8) 105 (15.7) 79 (8.8) 971 (11.1)
Full breastfeeding, at 1 month 430 (49.2) 470 (71.5) 521 (59.0) 6475 (74.4)
Full breastfeeding, at 3 months 338(38.9) 431 (66.5) 401 (46.1) 5381 (62.2)
Full breastfeeding, at 6 months 156 (18.0) 185 (28.6) 198 (22.9) 2977 (34.8)
Child age (months) at follow-up®

At 1-month follow-up 1.1 (0.2) 1.1(0.2) NA NA

At 3-month follow-up 3.3(0.5) 3.3(0.5) NA NA

At 6-month follow-up 6.3(0.7) 6.3(0.7) NA NA

At 1-year follow-up 11.7 (0.9) 11.8(0.8) 11.8(0.8) 11.8(0.8)

At 2-year follow-up 239(1.2) 240(1.2) 23.8(1.2) 239(1.1)

At 3-year follow-up 36.1 (1.1) 36.2 (1.1) NA NA

At 4-year follow-up 482 (1.4) 482 (1.3) NA NA

At 5-year follow-up 62.3(2.2) 62.1(1.7) 69.9 (4.8)° 69.7 (4.4)°

Values are mean (SD), median (IQR), or n (%). Participants with any missing information for baseline characteristics were excluded

BMI, body mass index; GDM, gestational diabetes; GWG, gestational weight gain; IQR, interquartile range; NA, not available; PEACHES, Programming of Enhanced
Adiposity Risk in CHildhood-Early Screening; PEPO, PErinatal Prevention of Obesity

?The group of mothers without obesity also comprises a group of normal weight mothers with GDM, recruited as one of the control groups, as reported previously
[24]

® Follow-up anthropometric measurements at the well-child visits

¢ Data collected at the school entry health examination, which is an obligatory check-up for children eligible to enter primary school in the coming year (before
turning 6 years old) and generally takes place after the 5-year well-child visit
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with obesity in the PEACHES cohort was 40% as in other
studies [66], considering the average maternal age of > 30
years as an additional risk factor, whereas in the PEPO
cohort this number was only 7.2% resulting from former
less stringent criteria for diagnosing GDM [43, 44]. The
mean (SD) age at child follow-up in each cohort is pro-
vided in Table 1. The median number of available follow-
up data from the well-child visits was 9 (IQR 1) in the
PEACHES cohort and 4 (IQR 1) in the PEPO cohort.
Data on demographic characteristics of mothers
enrolled in the PEACHES and PEPO cohorts (Table 1)
are similar to the German estimates, including maternal
age (Germany: mean 31.6 years at birth [67]) and propor-
tion of female offspring (Germany 48.6% [9]). The pro-
portion of mothers belonging to a low SES at birth was
18.1% in the PEACHES cohort (Germany 20.1% [68]),
whereas more women of the PEPO cohort had a low SES
(32.9%). Furthermore, the proportion of children with
overweight/obesity was higher in the PEACHES cohort
as a total (age 3 years 7.2%) than the German (3.3%) [69]
or PEPO (4.5%) estimates, based on the specific recruit-
ment of mothers with obesity, whereas the proportions
were similar when compared to only the children of
mothers without obesity in the PEACHES cohort (3.2%).

BMI growth patterns in offspring

The overall follow-up rate was 93% in PEACHES children
and 96% in PEPO children providing 12,699 and 38,022
consecutive anthropometric measurements, respectively
(Additional file 1: Table S1). Individual BMI growth pat-
terns among PEACHES offspring of mothers with obesity
(Fig. 2A) and mothers without obesity (controls) (Fig. 2B)
allowed identification of two distinct BMI growth pat-
terns from birth to 5 years of age (Fig. 2C, D, Additional
file 1: Table S2). Among offspring of mothers with obe-
sity, 21% (185/875) belonged to the upper growth clus-
ter showing steep mean BMI z-score increments from
birth onwards resulting in an early crossing of the WHO
BMI z-score cut-off >1 SD at age 6 months and a growth
peak at age 2 years (Fig. 2C). Across the subsequent 3
years, the mean BMI z-score leveled off (1.79 SD) result-
ing in overweight and obesity at 4 years (OR 44.56, 95%
CI 20.64-96.17) and 5 years of age (OR 16.13, 95% CI
9.98-26.05).

In contrast, among 27.9% (183/655) of offspring of
mothers without obesity, the upper-cluster pattern
showed crossing of the mean BMI z-score >1 SD at 1 year
of age, which appeared to decrease after peak growth at
age 2 years (1.27 SD) (Fig. 2D) but also contributed to
preschool overweight and obesity (age 4 years: OR 31.86,
95% CI 4.08—249.01 and age 5 years: OR 27.55, 95% CI
11.88-63.88).
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Among all children belonging to upper clusters
(Fig. 2C, D), those exposed to gestational obesity were at
much higher risk of having multiple occasions (>5 times)
of BMI z-score >1 SD from age 6 months onwards (OR
5.09, 95% CI 2.99-8.68) or developing preschool over-
weight and obesity (age 4 years: OR 7.38, 95% CI 3.68—
14.81 and age 5 years: OR 4.90, 95% CI 2.80—8.59) than
offspring of mothers without obesity (Additional file 1:
Figure S1) [51].

In contrast to the patterns of upper BMI growth clus-
ters, the clusters of lower BMI growth showed similar
dynamics from birth to age 2 years in the offspring of
mothers with and without obesity and were below 1 SD
throughout the entire period until 5 years of age (Fig. 2C,
D, Additional file 1: Table S2). However, the cluster of
lower BMI growth in the offspring of mothers without
obesity was lower than that observed in the offspring of
mothers with obesity. Among all offspring of the clusters
of lower BMI growth who were older than 2 years of age,
those exposed to maternal obesity in pregnancy showed
a plateau in mean BMI z-scores, whereas offspring of
mothers without obesity showed a constant reduction
in mean BMI z-scores, i.e., before the onset of adipos-
ity rebound. Adiposity rebound relates to a “period of
dynamic changes in body composition” [70] and is equiv-
alent to the age of the nadir of a child’s BMI curve when
the BMI starts to rise again [71].

Based on the BMI growth cluster group and BMI
z-score in the 5-year-old PEACHES offspring, we vali-
dated BMI growth clusters in the PEPO cohort for the
offspring of both mothers with obesity (AUROC 0.72)
and without (AUROC 0.69).

Higher-than-normal BMI growth patterns in consecutive
early-life phases
Subsequently, we found that the upper BMI growth
curves of offspring with LGA (40.2%, n = 39/97), AGA
(19.6%, n = 131/669), and SGA (12.8%, n = 12/94) birth
weights from mothers with obesity (Additional file 1:
Figure S2A) converged at age 3 months and continued
all at a similarly high BMI growth level until age 5 years
(Additional file 1: Figure S3A, Figure S3B). Compara-
ble dynamics were seen in offspring of mothers without
obesity (Additional file 1: Figure S2B, Figure S3C, Fig-
ure S3D). Based on these patterns leading to BMI con-
vergence at 3 months and subsequent levelling off after 2
years in offspring of mothers with obesity, we determined
the time points age 3 months to predict higher-than-nor-
mal BMI growth in the early phase and ages 1 year and 2
years to predict the late phase, respectively.

Maternal pre-conception obesity influenced offspring
BMI growth dynamics in the transition from early to
late phase, e.g., twice as many offspring of mothers with
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Individual BMI growth curves from birth to 5 years
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Fig. 2 BMI growth patterns in young offspring of mothers with and without obesity. Shown are individual BMI z-score growth curves from birth
to age 5 years in offspring of mothers with obesity (panel A) and without (panel B) enrolled in the PEACHES cohort study. Mean BMI z-score
growth clusters along with their 95% Cl are presented for offspring of mothers with obesity (panel C) and without (panel D). BMI, body mass index;
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood-Early Screening

(B) Mothers without obesity

7
6
® 5
2
o 4
?
I 3
= 2
m
o 1
£
8 0
]
61
-2
-3
-4
-5
013 6 12 24 36 48 60
Offspring age in months
(D) Mothers without obesity
2.5=
2.0~

Offspring BMI z-scores

T 1 T T T T T
013 6 12 24 36 48 60

Offspring age in months
—&— Lower BMI growth cluster

obesity developed or maintained a “higher-than-normal
BMI growth pattern” when they reached the late phase
(32.7%, n = 191/584) compared to offspring of mothers
without obesity (16.8%, n = 72/428) (Additional file 1:
Table S3) [51, 72].

Risk factors of higher-than-normal BMI growth

Next, we assessed prenatal and postnatal factors trig-
gering higher-than-normal BMI growth from birth until
age 5 years and during early and late phases (Fig. 3,
Additional file 1: Figure S4) [51]. Offspring exposed to
the highest maternal pre-conception BMI in each of the

groups of mothers with and without obesity were more
likely to belong to the upper BMI growth cluster (Fig. 3A,
Additional file 1: Figure S4A). Further, an LGA birth
weight in offspring of mothers with obesity was a risk
factor for a “higher-than-normal BMI growth pattern” in
all growth phases studied between birth and age 5 years
including both the early and late phases (Fig. 3A-C). In
contrast, in offspring from pregnancies without obesity,
an LGA birth weight influenced higher-than-normal BMI
growth only in the early phase, not later on (Additional
file 1: Figure S4B). An SGA birth weight was related to a
lower BMI growth cluster in offspring of women without
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Fig. 3 Effects of prenatal and postnatal factors on BMI growth outcomes in offspring of mothers with obesity. Shown are ORs and 95% Cl of
the influence of prenatal and postnatal factors on the development of an upper cluster of BMI growth (birth to age 5 years, panel A) and a
“higher-than-normal BMI growth pattern, defined as BMI z-score >1 SD [51] at least twice, during early phase (6 months to 2 years, panel B) and
late phase (3 to 5 years, panel C) in offspring of mothers with obesity enrolled in the PEACHES cohort study. Values were derived from multivariable
logistic regression with stepwise backward selection. Only final models based on the lowest Akaike information criterion are presented. Included
variables in all initial models were maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight
category for gestational age and sex, SES, breastfeeding status at 1 month. Additionally, for associations shown in panel C, “higher-than-normal
BMI growth pattern”in the early phase was also included as an explanatory variable in the initial model. BMI, body mass index; BF, breastfeeding;
Cl, confidence interval; GDM, gestational diabetes; GWG, gestational weight gain; LGA, large-for-gestational-age; OR, odds ratio; PEACHES,
Programming of Enhanced Adiposity Risk in CHildhood—-Early Screening; SES, socioeconomic status; SGA, small-for-gestational-age
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Table 2 Predictive performance of a sequential algorithm to identify higher-than-normal BMI growth in offspring of mothers with
obesity

Predictive parameter Prediction at age 3 months® Prediction at age 1 year® Prediction at age 2 years©

Higher-than-normal BMI growth  Higher-than-normal BMI growth in
in early phase (6 months-2 years) late phase (3 years-5 years)

Higher-than-normal BMI growth in
late phase (3 years-5 years)

Discovery cohort Discovery cohort Validation cohort Discovery cohort Validation cohort

N 711 645 670 640 666
AUROC 0.69 (0.66,0.72) 0.73(0.70,0.75) 061 0.79 (0.76,0.81) 071

Cut-off score valued — 1689 —1.135 NA —1.133 NA
Prevalence, n (%) 140 (20.0) 194 (30.8) 21(33.0) 192 (30.0) 223 (33.5)
Sensitivity, % 70.7 (55.5,82.3) 73.7 (67.6,79.0) 68.1(62.5,73.2) 76.0 (70.0,81.1) 61.0 (55.3,66.5)
Specificity, % 1(61.6,83.6) 64.7 (582,70.7) 58.2(52.5,63.7) 1(72.9,825) 68.0 (63.3,72.4)
Positive predictive value, %  40.5 (26.5, 55.6) 482 (419, 545) 453 (40.1,50.6) 60.7 (53.5, 67.4) 495 (436,553)
Negative predictive value, % 91.0 (84.7, 95.0) 84.7 (80.2, 88.3) 78.2 (734, 82.4) 88.0 (84.5,90.7) 77.2(73.3,808)
Positive likelihood ratio 273 (144,5.03) 2.09 (1,62, 2.69) 163 (132,202) 347 <2 58,4.64) 1.91 (150, 241)
Negative likelihood ratio 040 (0.21,0.72) 0.41(0.30, 0.56) 0.55 (042, 0.71) 1(0.23,041) 0.57 (046, 0.71)

We used the PEACHES cohort study as the discovery cohort and the PEPO cohort study as the external validation cohort for calculation of the individual child’s risk of
a"higher-than-normal BMI growth pattern” (BMI z-score >1 SD [51] at least twice). Values are predictive parameters and their 95% Cl

AUROC, area under the receiver operating characteristic; BMI, body mass index; C/, confidence interval; GDM, gestational diabetes; GWG, gestational weight gain; NA,
not applicable; PEACHES, Programming of Enhanced Adiposity Risk in CHildhood-Early Screening; PEPO, PErinatal Prevention of Obesity; SES, socioeconomic status

? Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational
age and sex, SES, breastfeeding status at T month, breastfeeding status at 3 months, and BMI z-score >1 SD at age 3 months. External validation of models at age 3
months could not be performed due to the lack of follow-up data at age 3 months in the validation cohort PEPO

b Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational
age and sex, SES, breastfeeding status at 1 month, breastfeeding status at 3 months, breastfeeding status at 6 months, and BMI z-score >1 SD at age 1 year. External
validation of models at age 1 year was performed in the validation cohort PEPO

¢ Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational
age and sex, SES, breastfeeding status at T month, breastfeeding status at 3 months, breastfeeding status at 6 months, and BMI z-score >1 SD at age 2 years. External

validation of models at age 2 years was performed in the validation cohort PEPO

d Offspring with a risk score above or equal to the respective cut-off score value are considered to be at risk of developing a “higher-than-normal BMI growth pattern!

"

The cut-off value of the score was optimized to avoid false-negative findings (sensitivity), which resulted in negative cut-off score values

obesity (Additional file 1: Figure S4A). Offspring of moth-
ers with obesity who were exposed to either excessive or
inadequate GWG or smoking during pregnancy were
likely to develop higher-than-normal BMI growth in the
early phase or late phase, respectively (Fig. 3B, C). Lastly,
regardless of maternal pre-conception obesity, higher-
than-normal BMI growth in the early phase strongly trig-
gered higher-than-normal BMI growth in the late phase
(Fig. 3C, Additional file 1: Figure S4C).

Sequential prediction of higher-than-normal BMI growth
Using these risk factors showing differential effects on
BMI growth in consecutive life phases after birth, we
explored and externally validated their potential to pre-
dict early-phase and late-phase “higher-than-normal
BMI growth patterns” at ages 3 months, 1 year, and 2
years (Table 2, Additional file 1: Table S4) [51]. Based on
these findings, we provide a workable approach for indi-
vidual risk score calculations and risk probability assess-
ment (Additional file 1: Text S3, Table S5) [51]. Risk
scores above or equal to the respective cut-offs indicate
risk for higher-than-normal BMI growth.

The score based on the first risk quantification model
applicable at age 3 months allowed a good prognosis
of early-phase growth, and the cut-off value was opti-
mized to avoid false-negative findings: 70.7% of off-
spring of mothers with obesity with scores >— 1.689 will
develop higher-than-normal BMI growth in the early
phase (sensitivity) and 74.1% with scores <— 1.689 will
not (specificity) (Table 2). The positive predictive value
indicates that 40.5% of all offspring of mothers with obe-
sity identified as “at risk” at age 3 months will certainly
develop a “higher-than-normal BMI growth pattern” in
the early phase, and the negative predictive value indi-
cates that 91.0% of all offspring of mothers with obesity
classified as being “not at risk” will indeed not develop
a “higher-than-normal BMI growth pattern” Further-
more, the positive likelihood ratio value of 2.73 indicates
an increase (15%) [57] in the likelihood of developing a
“higher-than-normal BMI growth pattern” in offspring
identified as “at risk” by the prediction model at age 3
months. The negative likelihood ratio value of 0.40 indi-
cates a decrease (20%) [57] in the likelihood of devel-
oping a “higher-than-normal BMI growth pattern” in
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offspring identified as “not at risk” by the same predic-
tion model at 3 months of age.

The subsequent prediction models at ages 1 year and 2
years developed for risk re-assessments for the late phase
showed even higher predictive performance (Table 2).
While the negative predictive values were similarly high
for all models, the predictive model at age 2 years had the
highest sensitivity, specificity, positive predictive value,
and positive likelihood ratio and the lowest negative like-
lihood ratio. Similarly good parameters were observed in
offspring of mothers without obesity (Additional file 1:
Table S4).

In the independent validation cohort PEPO, predic-
tion models using available data at ages 1 year and 2 years
showed fair predictive performances in offspring of both
mothers with and without obesity (Table 2, Additional
file 1: Table S4). Furthermore, prediction models at age
1 year and 2 years for offspring of mothers with obesity
and at age 1 year for offspring of mothers without obesity
showed good and very good calibration (i.e., agreement
between observed and predicted risks), respectively,
using the external cohort PEPO (Additional file 1: Fig-
ure S5) [51]. Details on use of individual risk score cal-
culations, risk probability assessment, and clinical case
scenarios are provided in Table S5 and the Text S3 (Addi-
tional file 1).

Discussion

Longitudinal data from two large mother-child cohorts
led to the identification of a “high-risk” subpopulation
of offspring susceptible to early upper deviations from
healthy weight gain trajectories and novel risk stratifica-
tion in the very first “plastic phase” of life. Such a strat-
egy could allow cost-effective and personalized advice
and measures to slow down or prevent otherwise ongo-
ing increases in BMI growth. Several modifiable influ-
ences associated with gestational overnutrition, such as
grade of maternal obesity at conception, excessive GWG,
and LGA birth weight, contributed sequentially during
consecutive early phases to the offspring’s susceptibility
to gain more weight than expected. Here, these already
well-documented risk associations were translated and
condensed into a novel serial prediction strategy for pri-
mary prevention of a “higher-than-normal BMI growth
pattern” as a subclinical stage preceding overweight in
clinical settings. The system of well-child visits is ideal
for identifying risks by the pediatricians and providing
targeted supportive measures to guide offspring BMI
growth from early life onwards.

The 2- to 3-fold increased risk of overweight/obesity
even in young children from pregnancies with obesity
below age 5 years [10] prompted us to study the type
and potential predictors of very early growth patterns
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towards overweight. Unlike previous studies [31, 73], we
focused on identifying such growth patterns among oft-
spring exposed to an adipogenic intrauterine milieu. The
identified BMI growth pattern showing recurrent cross-
ing of BMI z-scores >1 SD—the WHO cut-off for “at risk
of overweight”—from an early age of 6 months is highly
likely to set the stage for developing overweight at pre-
school age, which is critical to sustained obesity [3]. The
upper BMI growth cluster in obesity-exposed offspring
plateaued at high levels after age 2 years. This levelling off
is in contrast to the typical BMI decline [71] preceding
the adiposity rebound at around 6 years [74]. Our find-
ings suggest that obesity in pregnancy could potentially
“hit” cellular processes in the fetus, which may influence
offspring outcomes such as postnatal appetite regulation
and fat accretion before overweight manifestation [75].
Besides maternal pre-conception obesity [34, 76], off-
spring weight development can be shaped by additional
influences highly associated with an obesogenic envi-
ronment during prenatal and postnatal life [77, 78]. We
found that among such obesity-associated factors, those
relating to intrauterine overnutrition including exces-
sive GWG contributed strongly to higher-than-normal
BMI growth during the “plastic phase” of the first 2 years.
Indeed, there is a need for women with obesity to be pro-
vided with more customized advice on dietary intake and
physical activity to optimize gestational weight manage-
ment [24, 79]. For the subsequent time period of the pre-
school years, gestational smoking emerged as a relevant
modulator of growth in offspring exposed to obesity in
pregnancy in our study. This association may take time
to appear since mothers who smoke at the beginning
and/or later during pregnancy are likely to resume smok-
ing postnatally and therefore refrain from breastfeed-
ing more frequently [80, 81], predisposing offspring to
develop overweight [82]. In mothers with obesity of the
PEACHES cohort study who had smoked during preg-
nancy, any smoking (versus no smoking) within the first
weeks postpartum was related to higher odds of stopping
full breastfeeding by the end of the first month (OR 1.97,
95% CI 1.10-3.53). Irrespective of smoking, mothers
with obesity have been recognized to experience major
difficulties with initiating and continuing breastfeeding
resulting in lower breastfeeding rates in these women
[83]. Supporting previous evidence [75], our data also
show the relevance of an LGA birth weight for overweight
development, irrespective of maternal pre-conception
BM]I, albeit it seemed to have adverse longer-term con-
sequences only in children of mothers with obesity. Our
data point to the differential contribution of “obesogenic
influences” arising from the pre-gestational, gestational,
and perinatal periods, such as grade of maternal obesity
at conception, excessive weight gain and smoking during



Gomes et al. BMC Medicine (2022) 20:156

Page 13 0f 18

Pre-conception Pregnanc Converging Early phase: Late phase:
P 9 y phase 6 months to 2 years 3 years to 5 years
o —
Conception Birth 3m 6m 1y 2y 3y 4y 5y
First risk Second risk
Well-child visits b
N . N Exclusive
. A.ge-appro?rlate interventions ding until A its in nutrition and home environment?
if risk score is above cut-off, e.g. age 6 months

the pediatrician. BMI, body mass index; h, hours; m, months; y, year(s)

Fig. 4 Prediction-guided prevention strategy for the risk of developing a “higher-than-normal BMI growth pattern” preceding overweight.
“Higher-than-normal BMI growth pattern”defined as BMI z-score >1 SD [51] at least twice in relevant growth phases from 6 months to 5 years.
4Initial risk quantification is performed at the 3-month well-child visit for "higher-than-normal BMI growth pattern”during the early phase (6 months
to 2 years). PFirst risk re-assessment is performed at the 1-year visit for “higher-than-normal BMI growth pattern” during the late phase (3 to 5

years). “Second risk re-assessment is performed at the 2-year visit for "higher-than-normal BMI growth pattern”during the late phase (3 to 5 years).
dOverweight-preventive measures such as healthier complementary and family food choices, reduced screen time, increased physical activity, and
a sleep duration of 10 to 14 h per day. If a risk score is above or equal to the respective cut-off score value (Table 2, Additional file 1: Table S4), the
child is at risk of developing a “higher-than-normal BMI growth pattern,’and age-appropriate obesity-preventive measures should be initiated by

pregnancy, as well as LGA birth weight on higher-than-
normal BMI growth during successive early-life phases
after birth.

Using these modifiable factors [84], we developed a
novel strategy to identify infants likely to deviate from
the normal BMI growth pattern as a subclinical stage
before establishing preschool overweight. Unlike previ-
ous methods that offered prediction of manifest over-
weight [56, 85] and/or were applicable at a certain age
only [22] and were developed for offspring born to
women of heterogeneous BMI [22], we propose a novel
sequential strategy of prediction and re-evaluation of
higher-than-normal weight gain in “high-risk” offspring
of mothers with obesity at ages 3 months, 1 year, and 2
years to guide pediatric decision-making (Fig. 4). Owing
to these differences in the outcome (“higher-than-normal
BMI growth pattern”), population (offspring of moth-
ers with obesity), and prediction time points (sequential
prediction) between our and previous work, prediction
models cannot be directly compared. Integrating such
a novel dynamic element in the existing health care sys-
tem of well-child visits could help to quantify and confine
risk to subpopulations and individuals at high necessity
to intervene. These preventive visits have a high par-
ticipation rate [86], even up to 99% of children in Ger-
many, and take place seven times during the first 2 years
of life [87]. Interventions to optimize BMI development
during the first 1000 days are more beneficial than dur-
ing preschool ages [88], as an “adaptive phase” when off-
spring have a chance of returning to their “genetic growth
potential” [89].

Thus, following risk stratification by individual
risk score and probability calculation at the 3-month

well-child visit, breastfeeding continuation can be rein-
forced by the pediatrician, given the protective role of
breastfeeding, e.g., in overweight prevention [82]. Con-
sidering the generally low exclusive breastfeeding rates
at 6 months (Europe 25% [90]; Germany 12.5% [91]) and
the lack of effective intervention strategies to increase
the rate and duration of breastfeeding particularly in
mothers with obesity [92], prediction-guided “individu-
alized” breastfeeding support by prescribing extra lacta-
tion counselling beyond standard care seems promising.
Following risk prediction at the 1-year and 2-year visits,
mothers with obesity and “high-risk” children may ben-
efit from specific dietary counselling by nutritionists
to encourage healthy complementary and family food
choices, since early eating patterns determine future eat-
ing habits and the development of childhood overweight/
obesity [93].

Typical for a screening setting, our prediction models
show high sensitivity to avoid false-negative cases and
high negative predictive values to avoid misclassification
as being “not at risk” in offspring with higher-than-nor-
mal BMI growth. Furthermore, even a high false-positive
rate, i.e., identifying offspring with normal BMI devel-
opment as being “at risk,” can be considered acceptable
since obesity-preventive interventions including exclu-
sive breastfeeding [82] and improved nutrition (such as
healthier complementary and family food choices) as well
as supportive environments (such as reducing screen
time, increasing physical activity, maintaining a sleep
duration of 10 to 14 h per day) [94-96] (Fig. 4) are ben-
eficial and safe for young children’s growth in general.
However, targeting such interventions to a defined sub-
population of offspring at need will direct resources, i.e.,
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costs for personal counselling, to those at the highest risk
of excessive BMI growth and help minimizing health care
costs.

The strength of our study is the large contemporary
prospective mother-child cohort PEACHES of 1671
mothers and children providing a unique longitudinal
dataset with wide-ranging pre-, peri-, and postnatal vari-
ables from mothers with obesity, and thus, it was used as
the discovery cohort. Multiple anthropometric measure-
ments improved precision to identify minor deviations
in BMI growth especially in the sensitive first months of
life. Based on the time structure of the data and use of
robust machine learning techniques [97, 98], our pro-
posed strategy provides multiple prediction occasions
within an early window of opportunity for prevention
of higher-than-normal BMI growth, utilizing routinely
available data and making it easy-to-use in clinical set-
tings [99]. Internal (cross-validation) and external (PEPO
cohort) validation showed good discrimination between
higher-than-normal and normal BMI growth in offspring
of mothers either with or without obesity. Attrition bias
is unlikely as the follow-up rates in offspring were around
95% in both the PEACHES and PEPO cohorts. The pre-
diction models performed sufficiently well and showed
good to very good calibration for early-risk stratification
and identification of “high-risk” offspring.

Minor differences between the two cohorts relating to
the recruitment strategy, the proportion of mothers with
pre-conception obesity, and offspring follow-up time points
could influence the lower predictive potential of models in
the PEPO cohort. However, despite the differences, exter-
nal validation showed adequate predictive performance
and indicates robustness of our results. Furthermore, we
aimed at developing discriminative models for offspring of
mothers with and without obesity separately and did not
recalibrate the models when applied to the external cohort
PEPO. Nevertheless, the predictive models require recali-
bration when applied to other populations. For prediction
models relating to offspring of mothers without obesity,
results may not be comparable to other studies with a dif-
ferent composition in the proportions of mothers with
normal weight and overweight. Still, we were able to con-
firm our findings in the PEPO cohort. Regarding the asso-
ciation analyses, we used literature-based risk associations
for manifest overweight and applied them to the endpoint
“higher-than-normal BMI growth pattern” to test whether
there is evidence for an association based on a qualitative
approach. Therefore, we did not correct model coefficients
by specific shrinking techniques. However, for the develop-
ment of our prediction score, this was accounted for using
penalized regression strategies.

Future studies should develop a user-friendly tool for risk
score calculations and evaluate prospectively whether the
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proposed prediction strategy is effective in guiding favorable
BMI growth in early childhood. Such a tool should be easy-
to-use in clinical practice, and results should be communi-
cated in an informative manner [100, 101], e.g., a web-based
Shiny application developed using the Shiny R package for
building easy and interactive web apps in R [102]. Imple-
menting such an instrument and designing a prospective
validation study are plans for our future research.

Conclusion

In conclusion, based on a unique set of validated longitu-
dinal data on BMI outcomes in offspring exposed to obe-
sity in pregnancy, we identified a population of offspring
at highest risk of an early-starting higher-than-normal
BMI growth trajectory inevitably followed by overweight.
For individual risk quantification, we devised a novel
sequential prediction system to allow early-risk strati-
fication and re-evaluation for prevention of a “higher-
than-normal BMI growth pattern” as a subclinical stage
preceding overweight. Our proposed prediction strategy
could stimulate the use of cost-effective and personalized
advice and measures counteracting the risk of very early
excess weight gain. Integrating such a procedure in the
existing health care systems of well-child visits could help
to quantify and confine risk to subpopulations and indi-
viduals at high necessity to intervene.

Abbreviations

AGA: Average-for-gestational-age; AUROC: Area under the receiver operating
characteristic; BMI: Body mass index; Cl: Confidence interval; GCT: Glucose
challenge test; GDM: Gestational diabetes; GWG: Gestational weight gain;
IADPSG: International Association of Diabetes and Pregnancy Study Groups;
IQR: Interquartile range; KiGGS: German Health Interview and Examination
Survey for Children and Adolescents; LASSO: Least absolute shrinkage and
selection operator; LGA: Large-for-gestational-age; OGTT: Oral glucose toler-
ance test; OR: Odds ratio; PEACHES: Programming of Enhanced Adiposity Risk
in CHildhood-Early Screening; PEPO: PErinatal Prevention of Obesity; SES:
Socioeconomic status; SGA: Small-for-gestational-age; T1D: Type 1 diabetes;
T2D: Type 2 diabetes; WHO: World Health Organization.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-022-02318-z.

Additional file 1: S1 STROBE Checklist. S2 TRIPOD Statement. Text S1.
Statistical analysis plan. Text S2. Statistical methods. Text S3. Quantifica-
tion of individual risk. Figure S1. Influence of maternal obesity on
offspring BMI growth outcomes. Shown are ORs and 95% Cls of the
influence of maternal pre-conception obesity on BMI growth outcomes
up to age 5 years in all offspring belonging to upper BMI growth clusters
from the PEACHES cohort study. Values were derived from univariate
logistic regression. *The term “multiple occasions” was defined as having
BMI z-scores >1 SD [51] at least 5 out of 6 times at the well-child visits at
age 6 months, 1 year, 2 years, 3 years, 4 years, and 5 years. BMI, body mass
index; Cl, confidence interval; OR, odds ratio; PEACHES, Programming of
Enhanced Adiposity Risk in CHildhood—-Early Screening. Figure S2.
Proportion of offspring in upper and lower BMI growth clusters according
to birth weight category. Shown are percentages in offspring of mothers



https://doi.org/10.1186/s12916-022-02318-z
https://doi.org/10.1186/s12916-022-02318-z

Gomes et al. BMC Medicine (2022) 20:156

Page 150f 18

with obesity (panel A) and without (panel B) enrolled in the PEACHES
cohort study, according to their birth weight category for gestational age
and sex. AGA, average-for-gestational-age; BMI, body mass index; LGA,
large-for-gestational-age; PEACHES, Programming of Enhanced Adiposity
Risk in CHildhood-Early Screening; SGA, small-for-gestational-age. Figure
$3. Mean BMI growth clusters by birth weight category in offspring of
mothers with and without obesity. Shown are mean BMI z-score growth
clusters from birth to age 6 months (panel A, C) and birth to age 5 years
(panel B, D) by birth weight category for gestational age and sex in
offspring of mothers with and without obesity enrolled in the PEACHES
cohort study. AGA, average-for-gestational-age; BMI, body mass index;
LGA, large-for-gestational-age; PEACHES, Programming of Enhanced
Adiposity Risk in CHildhood-Early Screening; SGA, small-for-gestational-
age. Figure S4. Effects of prenatal and postnatal factors on BMI growth
outcomes in offspring of mothers without obesity. Shown are ORs and
95% Cl of the influence of prenatal and postnatal factors on the
development of an upper cluster of BMI growth (birth to age 5 years,
panel A) and a “higher-than-normal BMI growth pattern," defined as BMI
z-score >1 SD [51] at least twice, during early phase (6 months to 2 years,
panel B) and late phase (3 years to 5 years, panel C) in offspring of mothers
without obesity enrolled in the PEACHES cohort study. Values were
derived from multivariable logistic regression with stepwise backward
selection. Only final models based on the lowest Akaike information
criterion are presented. Included variables in all initial models were
maternal pre-conception BMI group, total GWG, GDM, parity, smoking
during pregnancy, sex, birth weight category for gestational age and sex,
SES, breastfeeding status at T month. Additionally, for associations shown
in panel C, "higher-than-normal BMI growth pattern”in the early phase
was also included as an explanatory variable in the initial model. BMI,
body mass index; Cl, confidence interval; GDM, gestational diabetes; GWG,
gestational weight gain; LGA, large-for-gestational-age; OR, odds ratio;
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood-Early
Screening; SES, socioeconomic status; SGA, small-for-gestational-age.
Figure S5. Calibration plots of prediction models for identifying a
"higher-than-normal BMI growth pattern”in the validation cohort. Shown
are calibration curves (blue lines) and calibration slopes and intercepts for
offspring of mothers with obesity (panel A, B) and without obesity (panel
C, D) by the prediction models at age 1 year and 2 years. The diagonal
gray lines represent the optimal prediction; the closer the model curve is
to the diagonal line, the more accurate is the prediction. At the top of
each graph, dots indicate presence of the outcome “higher-than-normal
BMI growth pattern, defined as BMI z-score >1 SD [51] at least twice, in
the late phase (3 years to 5 years). At the bottom of each graph, dots
indicate absence of the outcome “higher-than-normal BMI growth
pattern”in the late phase. Calibration of models at age 3 months for
"higher-than-normal BMI growth pattern”in the early phase (6 months to
2 years) could not be performed due to the lack of follow-up data at age 3
months in the validation cohort PEPO. BMI, body mass index; PEPO,
PErinatal Prevention of Obesity. Table S1. Offspring follow-up rates in the
study populations. Values are n (%). °Missing data in the PEACHES cohort
were due to loss to follow-up. Missing data in the PEPO cohort were due
to lack of availability of data in the records of the regular well-child visits at
the time of school entry health examination. °A total of 13 and 297
children enrolled in the PEACHES cohort were too young for the follow-up
visit at age 4 and 5 years, respectively, and therefore were not included in
the “total” category. Missing data were considered missing completely at
random. NA, not available; PEACHES, Programming of Enhanced Adiposity
Risk in CHildhood-Early Screening; PEPO, PErinatal Prevention of Obesity.
Table S2. Mean BMI z-scores by BMI growth cluster in offspring of
mothers with and without obesity. Values are mean and 95% Clin
offspring of mothers with and without obesity enrolled in the PEACHES
cohort study. °Of a total of 887 children included for cluster analysis, 875
children could be categorized into longitudinal BMI growth clusters based
on an adequate number of data points. °Of a total of 670 children
included for cluster analysis, 655 children could be categorized into
clusters based on an adequate number of data points. “A total of 276 and
549 children enrolled in the PEACHES cohort were not included in the
cluster analysis at age 4 and 5 years, respectively, because of follow-up not
yet due (age 4 years: n=13, age 5 years: n=297) or missing data due to

loss to follow-up (age 4 years: n=263, age 5 years: n=252). Missing data
were considered missing completely at random. BMI, body mass index; Cl,
confidence interval; PEACHES, Programming of Enhanced Adiposity Risk in
CHildhood-Early Screening. Table S3. Offspring BMI growth dynamics in
consecutive life phases after birth following exposure to gestational
obesity. Values are n (%) in offspring enrolled in the PEACHES cohort study.
Only children with complete data on BMI z-scores in both the early and
late phase are presented. ®Includes values for categories “normal range”
(>-2to <1 SD) and a minor proportion of children with <-2 SD [72]. 5BMI
z-score >1 SD defined as occurring once. Includes values for categories “at
risk of overweight” (>1 to <2 SD), overweight (>2 to <3 SD), and obesity
(>3 SD) [51]. ““Higher-than-normal BMI growth pattern” defined as BMI
z-score >1 SD [51] at least twice. BMI, body mass index; PEACHES,
Programming of Enhanced Adiposity Risk in CHildhood-Early Screening.
Table S4. Predictive performance of a sequential algorithm to identify
higher-than-normal BMI growth in offspring of mothers without obesity.
We used the PEACHES cohort study as the discovery cohort and the PEPO
cohort study as the external validation cohort for calculation of the
individual child’s risk of a “higher-than-normal BMI growth pattern” (BMI
z-score >1 SD [51] at least twice). Values are predictive parameters and
their 95% Cl. “Potential predictors included: maternal pre-conception BMI
group, total GWG, GDM, parity, smoking during pregnancy, sex, birth
weight category for gestational age and sex, SES, breastfeeding status at 1
month, breastfeeding status at 3 months, and BMI z-score >1 SD at age 3
months. External validation of models at age 3 months could not be
performed due to the lack of follow-up data at age 3 months in the
validation cohort PEPO. PPotential predictors included: maternal
pre-conception BMI group, total GWG, GDM, parity, smoking during
pregnancy, sex, birth weight category for gestational age and sex, SES,
breastfeeding status at 1 month, breastfeeding status at 3 months,
breastfeeding status at 6 months, and BMI z-score >1 SD at age 1 year.
External validation of models at age 1 year was performed in the
validation cohort PEPO. “Potential predictors included: maternal
pre-conception BMI group, total GWG, GDM, parity, smoking during
pregnancy, sex, birth weight category for gestational age and sex, SES,
breastfeeding status at 1 month, breastfeeding status at 3 months,
breastfeeding status at 6 months, and BMI z-score >1 SD at age 2 years.
External validation of models at age 2 years was performed in the
validation cohort PEPO. ®Offspring with a risk score above or equal to the
respective cut-off score value are considered to be at risk of developing a
"higher-than-normal BMI growth patternThe cut-off value of the score
was optimized to avoid false-negative findings (sensitivity), which resulted
in negative cut-off score values. AUROC, area under the receiver operating
characteristic; BMI, body mass index; Cl, confidence interval; GDM,
gestational diabetes; GWG, gestational weight gain; NA, not applicable;
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood—Early
Screening; PEPO, PErinatal Prevention of Obesity; SES, socioeconomic
status. Table S5. Scoring system for quantification of risk of higher-than-
normal BMI growth in young offspring. °The equations can be used for
sequential individual risk quantification of a “higher-than-normal BMI
growth pattern” (BMI z-score >1 SD [51] at least twice) in offspring of
mothers with or without pre-conception obesity separately. The prenatal
and postnatal variables in the risk quantification equations should be
replaced by pre-defined values (0 or 1) depending on whether the
condition stated is fulfilled (1) or not (0). The calculated risk score should
be compared to the respective cut-off score value (Table 2, Additional

file 1: Table S4) . Offspring with a risk score above or equal to the
respective cut-off are considered to be at risk of developing a “higher-
than-normal BMI growth pattern” Details on calculating individual risk
probabilities and use of individual risk score calculations along with
clinical case scenarios are provided in the Text S3 (Additional file 1). BMI,
body mass index; BF, breastfeeding; GDM, gestational diabetes; GWG,
gestational weight gain; m, month(s); LGA, large-for-gestational-age; SES,
socioeconomic status; SGA, small-for-gestational-age; y, year(s).

Acknowledgements

We are grateful to all participants, physicians, midwives, and study nurses
involved in the PEACHES and PEPO cohorts. We thank the staff members of
the obstetric and pediatric departments for their constant support in the



Gomes et al. BMC Medicine (2022) 20:156

PEACHES cohort study. We also thank Susanne Wullinger, Research Center, Dr.
von Hauner Children’s Hospital, Ludwig-Maximilians-Universitat Minchen for
excellent technical assistance.

Authors’ contributions

RE conceptualized the study. DG, LL, RE, and UM were involved in the
study analysis plan. SP, UH, MD, KL, UN, NAH, HN, AAR, and RE contributed
to the acquisition of the data and/or interpretation of the data. DG, LL,
and UM carried out the analyses. DG, UM, AAR, and RE prepared the origi-
nal manuscript. DG and RE contributed to the composition and editing of
the final manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the German Federal Ministry of Education and
Research (grants 01EA1307, 01Gl0820), Bavarian State Ministry of the Environ-
ment and Public Health (grant LP00124), and the Foundation for Cardiovas-
cular Prevention in Childhood, Ludwig-Maximilians-Universitat Miinchen,
Munich, Germany. The funding sources had no role in the study design, data
collection, analysis and interpretation of the data, writing of the report, nor

in the decision to submit the paper for publication. Open Access funding
enabled and organized by Projekt DEAL.

Availability of data and materials

The datasets analyzed during the current study are not publicly available
because participants did not explicitly consent to the sharing of their data
as per European Union’s General Data Protection Regulation and the cor-
responding German privacy laws. However, data are available from the cor-
responding author (Regina Ensenauer, principal investigator) on reasonable
request for researchers who meet the criteria for access to confidential data.

Declarations

Ethics approval and consent to participate

The authors assert that all procedures contributing to this work comply with
the ethical standards of the relevant national and institutional committees
on human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008. All procedures involving human subjects were approved for
both the PEACHES (protocol no. 165-10) and the PEPO (protocol no. 271-09)
cohort studies by the Research Ethics Committee of the Ludwig-Maximilians-
Universitat Minchen, Germany. Written informed consent was obtained from
all subjects of each cohort study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute for Medical Information Processing, Biometry, and Epidemiology
(IBE), Faculty of Medicine, Ludwig-Maximilians-Universitdt Miinchen, Munich,
Germany. %Division of Pediatric Cardiology and Intensive Care, University Hos-
pital, Ludwig-Maximilians-Universitdt Minchen, Munich, Germany. 3Departf
ment of Obstetrics and Gynecology, University Hospital, Ludwig-Maximilians-
Universitdt Miinchen, Munich, Germany. *Department of General Pediatrics,
Neonatology, and Pediatric Cardiology, University Children’s Hospital, Faculty
of Medicine, Heinrich Heine University Disseldorf, Disseldorf, Germany.
®Bavarian Health and Food Safety Authority, Oberschleifheim, Germany.
®Department of Pediatrics, University Hospital, Ludwig-Maximilians-Universitét
Munchen, Munich, Germany. ’Institute of Child Nutrition, Max Rubner-Institut,
Federal Research Institute of Nutrition and Food, Karlsruhe, Germany.

Received: 22 August 2021 Accepted: 28 February 2022
Published online: 14 April 2022

References
1. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in
body-mass index, underweight, overweight, and obesity from 1975

20.

21.

Page 16 of 18

to 2016: a pooled analysis of 2416 population-based measurement
studies in 128.9 million children, adolescents, and adults. Lancet.
2017;390(10113):2627-42.

Llewellyn A, Simmonds M, Owen CG, Woolacott N. Childhood obesity
as a predictor of morbidity in adulthood: a systematic review and meta-
analysis. Obes Rev. 2016;17(1):56-67.

Geserick M, Vogel M, Gausche R, Lipek T, Spielau U, Keller E, et al. Accel-
eration of BMI in early childhood and risk of sustained obesity. N Engl J
Med. 2018;379(14):1303-12.

Gillman MW. Early infancy - a critical period for development of obesity.
J Dev Orig Health Dis. 2010;1(5):292-9.

Zheng M, Lamb KE, Grimes C, Laws R, Bolton K, Ong KK, et al. Rapid
weight gain during infancy and subsequent adiposity: a systematic
review and meta-analysis of evidence. Obes Rev. 2018;19(3):321-32.
Plachta-Danielzik S, Kehden B, Landsberg B, Schaffrath Rosario A,

Kurth BM, Arnold C, et al. Attributable risks for childhood over-

weight: evidence for limited effectiveness of prevention. Pediatrics.
2012;130(4):e865-71.

Schéfer-Graf U, Napoli A, Nolan CJ. Diabetes in pregnancy: a new dec-
ade of challenges ahead. Diabetologia. 2018;61(5):1012-21.

Chen C, Xu X, Yan Y. Estimated global overweight and obesity

burden in pregnant women based on panel data model. PloS One.
2018;13(8):20202183.

IQTIG. IQTIG. Institut fur Qualitdtssicherung und Transparenz im
Gesundheitswesen. Geburtshilfe (GEBH); 2020. Available from: https://
igtig.org/veroeffentlichungen/bundesauswertung/. Accessed 05 Nov
2021.

Voerman E, Santos S, Patro Golab B, Amiano P, Ballester F, Barros H,

et al. Maternal body mass index, gestational weight gain, and the risk
of overweight and obesity across childhood: an individual participant
data meta-analysis. PLoS Med. 2019;16(2):21002744.

Restall A, Taylor RS, Thompson JM, Flower D, Dekker GA, Kenny LC, et al.
Risk factors for excessive gestational weight gain in a healthy, nullipa-
rous cohort. J Obes. 2014;2014:148391.

Leonard SA, Rasmussen KM, King JC, Abrams B. Trajectories of maternal
weight from before pregnancy through postpartum and associations
with childhood obesity. Am J Clin Nutr. 2017;106(5):1295-301.

Kim SS, Zhu'Y, Grantz KL, Hinkle SN, Chen Z, Wallace ME, et al. Obstetric
and neonatal risks among obese women without chronic disease.
Obstet Gynecol. 2016;128(1):104-12.

Hashemi-Nazari SS, Hasani J, Izadi N, Najafi F, Rahmani J, Naseri P, et al.
The effect of pre-pregnancy body mass index on breastfeeding initia-
tion, intention and duration: a systematic review and dose-response
meta-analysis. Heliyon. 2020;6(12):e05622.

Dalrymple KV, Flynn AC, Seed PT, Briley AL, O'Keeffe M, Godfrey KM,

et al. Modifiable early life exposures associated with adiposity and obe-
sity in 3-year old children born to mothers with obesity. Pediatr Obes.
2021;16(11):¢12801.

Aris IM, Bernard JY, Chen LW, Tint MT, Pang WW, Soh SE, et al. Modifiable
risk factors in the first 1000 days for subsequent risk of childhood over-
weight in an Asian cohort: Significance of parental overweight status.
Int J Obes. 2018;42(1):44-51.

Robinson SM, Crozier SR, Harvey NC, Barton BD, Law CM, Godfrey

KM, et al. Modifiable early-life risk factors for childhood adiposity and
overweight: an analysis of their combined impact and potential for
prevention. Am J Clin Nutr. 2015;101(2):368-75.

Rodriguez-Martinez A, Zhou B, Sophiea MK, Bentham J, Paciorek CJ,
lurilli MLC, et al. Height and body-mass index trajectories of school-
aged children and adolescents from 1985 to 2019 in 200 countries and
territories: A pooled analysis of 2181 population-based studies with 65
million participants. The Lancet. 2020;396(10261):1511-24.

Gillman MW, Rifas-Shiman SL, Kleinman K, Oken E, Rich-Edwards JW,
Taveras EM. Developmental origins of childhood overweight: potential
public health impact. Obesity (Silver Spring). 2008;16(7):1651-6.

Fairley L, Santorelli G, Lawlor DA, Bryant M, Bhopal R, Petherick ES, et al.
The relationship between early life modifiable risk factors for childhood
obesity, ethnicity and body mass index at age 3 years: findings from the
Born in Bradford birth cohort study. BMC Obes. 2015;2:9.

Woo Baidal JA, Locks LM, Cheng ER, Blake-Lamb TL, Perkins ME, Taveras
EM. Risk factors for childhood obesity in the first 1,000 days: a system-
atic review. Am J Prev Med. 2016;50(6):761-79.


https://iqtig.org/veroeffentlichungen/bundesauswertung/
https://iqtig.org/veroeffentlichungen/bundesauswertung/

Gomes et al. BMC Medicine

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

(2022) 20:156

Butler EM, Derraik JGB, Taylor RW, Cutfield WS. Prediction models for
early childhood obesity: Applicability and existing issues. Horm Res
Paediatr. 2018;90(6):358-67.

Ensenauer R, Gmach J, Nehring |, von Kries R. Increased hemoglobin
A(1c) in obese pregnant women after exclusion of gestational diabetes.
Clin Chem. 2012;58(7):1152—4.

Gomes D, von Kries R, Delius M, Mansmann U, Nast M, Stubert M, et al.
Late-pregnancy dysglycemia in obese pregnancies after negative test-
ing for gestational diabetes and risk of future childhood overweight:
an interim analysis from a longitudinal mother-child cohort study. PLoS
Med. 2018;15(10):21002681.

Ensenauer R, Brandlhuber L, Burgmann M, Sobotzki C, Zwafink C, Anzill
S, et al. Obese nondiabetic pregnancies and high maternal glycated
hemoglobin at delivery as an indicator of offspring and maternal
postpartum risks: the prospective PEACHES mother-child cohort. Clin
Chem. 2015;61(11):1381-90.

World Health Organization (WHO). Obesity: preventing and managing
the global epidemic. Report of a WHO consultation (WHO Technical
Report Series 894). Geneva, World Health Organization. 2000:8—9.
Ensenauer R, Chmitorz A, Riedel C, Fenske N, Hauner H, Nennstiel-Ratzel
U, et al. Effects of suboptimal or excessive gestational weight gain on
childhood overweight and abdominal adiposity: results from a retro-
spective cohort study. Int J Obes. 2013;37(4):505-12.

Chmitorz A, von Kries R, Rasmussen KM, Nehring |, Ensenauer R. Do
trimester-specific cutoffs predict whether women ultimately stay
within the Institute of Medicine/National Research Council guidelines
for gestational weight gain? Findings of a retrospective cohort study.
Am J Clin Nutr. 2012;95(6):1432-7.

von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenb-
roucke JP. The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement: guidelines for reporting observa-
tional studies. J Clin Epidemiol. 2008;61(4):344-9.

Collins GS, Reitsma JB, Altman DG, Moons KG. Transparent reporting of
a multivariable prediction model for individual prognosis or diagnosis
(TRIPOD): the TRIPOD Statement. BMC Med. 2015;13:1.

Eny KM, Chen S, Anderson LN, Chen'Y, Lebovic G, Pullenayegum E, et al.
Breastfeeding duration, maternal body mass index, and birth weight
are associated with differences in body mass index growth trajectories
in early childhood. Am J Clin Nutr. 2018;107(4):584-92.

Aris IM, Soh SE, Tint MT, Saw SM, Rajadurai VS, Godfrey KM, et al.
Associations of gestational glycemia and prepregnancy adiposity with
offspring growth and adiposity in an Asian population. Am J Clin Nutr.
2015;102(5):1104-12.

Mauz E, Lange M, Houben R, Hoffmann R, Allen J, Gosswald A, et al.
Cohort profile: KiGGS cohort longitudinal study on the health of
children, adolescents and young adults in Germany. Int J Epidemiol.
2020;49(2):375-75k.

Mattsson M, Maher GM, Boland F, Fitzgerald AP, Murray DM, Biesma R.
Group-based trajectory modelling for BMI trajectories in childhood: a
systematic review. Obes Rev. 2019;20(7):998-1015.

Liao XP,Yu Y, Marc I, Dubois L, Abdelouahab N, Bouchard L, et al. Pre-
natal determinants of childhood obesity: a review of risk factors. Can J
Physiol Pharmacol. 2019;97(3):147-54.

Natamba BK, Sanchez SE, Gelaye B, Williams MA. Concordance between
self-reported pre-pregnancy body mass index (BMI) and BMI meas-
ured at the first prenatal study contact. BMC Pregnancy Childbirth.
2016;16(1):187.

Bland JM, Altman DG. Statistical methods for assessing agree-

ment between two methods of clinical measurement. Lancet.
1986;1(8476):307-10.

Rasmussen KM, Catalano PM, Yaktine AL. New guidelines for weight
gain during pregnancy: what obstetrician/gynecologists should know.
Curr Opin Obstet Gynecol. 2009;21:521-6.

American Diabetes Association. Classification and Diagnosis of
Diabetes: Standards of Medical Care in Diabetes-2020. Diabetes Care.
2020;43(Suppl 1):514-31.

Schéfer-Graf UM, Gembruch U, Kainer F, Groten T, Hummel S, Hosli

I, et al. Gestational Diabetes Mellitus (GDM) - Diagnosis, treatment

and follow-Up. Guideline of the DDG and DGGG (S3 Level, AWMF
Registry Number 057/008, February 2018). Geburtshilfe Frauenheilkd.
2018;78(12):1219-31.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Page 17 of 18

Metzger BE, Gabbe SG, Persson B, Buchanan TA, Catalano PA, Damm P,
et al. International association of diabetes and pregnancy study groups
recommendations on the diagnosis and classification of hyperglycemia
in pregnancy. Diabetes Care. 2010;33(3):676-82.

Nehring I, Chmitorz A, Reulen H, von Kries R, Ensenauer R. Gestational
diabetes predicts the risk of childhood overweight and abdomi-

nal circumference independent of maternal obesity. Diabet Med.
2013;30(12):1449-56.

Schéfer-Graf UM. Empfehlungen zu Diagnostik und Therapie des Gesta-
tionsdiabetes (German Diabetes Association, Diabetes and Pregnancy
Consortium (2001): Recommendations for diagnosis and therapy of
gestational diabetes). Frauenarzt. 2001;42:891-9.

American Diabetes Association. Gestational diabetes mellitus. Diabetes
Care. 2003;26:5103-5.

Davis EM, Babineau DC, Wang X, Zyzanski S, Abrams B, Bodnar LM,

et al. Short inter-pregnancy intervals, parity, excessive pregnancy
weight gain and risk of maternal obesity. Matern Child Health J.
2014;18(3):554-62.

Voigt M, Rochow N, Schneider KT, Hagenah HP, Scholz R, Hesse V, et al.
New percentile values for the anthropometric dimensions of singleton
neonates: analysis of perinatal survey data of 2007-2011 from all 16
states of Germany. Z Geburtshilfe Neonatol. 2014;218(5):210-7.

Bohm A, Ellsésser G, Lidecke K. The Brandenburg social index: a tool
for health and social reporting at regional and communal levels

in the analysis of data of school beginners. Gesundheitswesen.
2007;69(10):555-9.

World Health Organization, UNICEF. Breastfeeding counselling: a train-
ing course. World Health Organization, Geneva. 1993.

World Health Organization. The World Health Organization’s infant feed-
ing recommendation; 2001. Available from: https://www.who.int/nutri
tion/topics/infantfeeding_recommendation/en/. Accessed 07 June
2021.

WHO Multicentre Growth Reference Study Group. WHO Child Growth
Standards: length/height-for-age, weight-for-age, weight-for-length,
weight-for-height and body mass index-for-age: Methods and develop-
ment. Geneva: World Health Organization; 2006.

de Onis M, Lobstein T. Defining obesity risk status in the general child-
hood population: which cut-offs should we use? Int J Pediatr Obes.
2010;5(6):458-60.

Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obuchowski N,
et al. Assessing the performance of prediction models: a framework for
traditional and novel measures. Epidemiology. 2010;21(1):128-38.
Pepe MS. The Statistical Evaluation of Medical Tests for Classification
and Prediction. New York: Oxford University Press; 2003.

Calinski T, Harabasz J. A dendrite method for cluster analysis. Commun
Stat. 1974,3(1):1-27.

Schomaker M, Heumann C. Model selection and model averaging after
multiple imputation. Comput Stat Data Anal. 2014;71(C):758-70.
Ziauddeen N, Wilding S, Roderick PJ, Macklon NS, Smith D, Chase D,

et al. Predicting the risk of childhood overweight and obesity at 4-5
years using population-level pregnancy and early-life healthcare data.
BMC Med. 2020;18(1):105.

McGee S. Simplifying likelihood ratios. J Gen Intern Med.
2002;17(8):646-9.

Austin PC, Steyerberg EW. Graphical assessment of internal and external
calibration of logistic regression models by using loess smoothers. Stat
Med. 2014;33(3):517-35.

Stevens RJ, Poppe KK. Validation of clinical prediction models:

what does the "calibration slope" really measure? J Clin Epidemiol.
2020;118:93-9.

R Core Team. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2020. https://www.R-
project.org/. Accessed 25 Apr 2021.

Genolini C, Alacoque X, Sentenac M, Arnaud C. kml and kml3d: R Pack-
ages to Cluster Longitudinal Data. J Stat Softw. 2015;65(4):34.

Venables WN, Ripley BD. Modern Applied Statistics with S. 4th ed. New
York: Springer; 2002.

Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized
linear models via coordinate descent. J Stat Softw. 2010;33(1):1-22.
Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects
models using Ime4. J Stat Softw. 2015;67(1):48.


https://www.who.int/nutrition/topics/infantfeeding_recommendation/en/
https://www.who.int/nutrition/topics/infantfeeding_recommendation/en/
https://www.r-project.org/
https://www.r-project.org/

Gomes et al. BMC Medicine

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

(2022) 20:156

Sing TSO, Beerenwinkel N, Lengauer T. ROCR: visualizing classifier 86.

performance in R. Bioinformatics. 2005;21(20):3940-1.
Li F, Zhou X, Cheng D, Wang H, Xu X. Older underweight pregnant

women beat young overweight/obese ones on incidence of gesta- 87.

tional diabetes. Diabetes Metab Syndr Obes. 2021;14:3667-72.
Federal Statistical Office (Destatis). Age of mother at the birth of the

child; 2021. Available from: https://www.destatis.de/DE/Themen/Gesel 88.

Ischaft-Umwelt/Bevoelkerung/Geburten/Tabellen/geburten-mutter-

alter-bundeslaenderhtml. Accessed 05 Nov 2021. 89.

Lampert T, Hoebel J, Kuntz B, Miters S, Kroll LE. Messung des sozi-
odkonomischen Status und des subjektiven sozialen Status in KiGGS

Welle 2. Robert Koch-Institut, Epidemiologie und Gesundheitsber- 90.

ichterstattung. 2018.

Schienkiewitz A, Damerow S, Schaffrath RA. Pravalenz von Unterge-
wicht, Ubergewicht und Adipositas bei Kindern und Jugendlichen
in Deutschland - Einordnung der Ergebnisse aus KiGGS Welle

2 nach internationalen Referenzsystemen. J Health Monitoring. 91

2018;3(3):60-74.
Cole TJ, Faith MS, Pietrobelli A, Heo M. What is the best measure of

adiposity change in growing children: BMI, BMI %, BMI z-score or BMI 92.

centile? Eur J Clin Nutr. 2005;59(3):419-25.
Rolland-Cachera MF, Cole TJ. Does the age at adiposity rebound reflect

a critical period? Pediatr Obes. 2019;14:e12467(1). 93.

Anderson LN, Carsley S, Lebovic G, Borkhoff CM, Maguire JL, Parkin
PC, et al. Misclassification of child body mass index from cut-points
defined by rounded percentiles instead of Z-scores. BMC Res Notes.

2017;10(1):639. 94.

Oostvogels A, Hof MHP, Gademan MGJ, Roseboom TJ, Stronks K,
Vrijkotte TGM. Does maternal pre-pregnancy overweight or obesity
influence offspring’s growth patterns from birth up to 7 years? The

ABCD-study. Early Hum Dev. 2017;113:62-70. 95.

Rosario AS, Kurth BM, Stolzenberg H, Ellert U, Neuhauser H. Body mass
index percentiles for children and adolescents in Germany based on

a nationally representative sample (KiGGS 2003-2006). Eur J Clin Nutr. 96.

2010 Apr;64(4):341-9.
Poston L. Maternal obesity, gestational weight gain and diet as deter-

minants of offspring long term health. Best Pract Res Clin Endocrinol 97.

Metab. 2012;26(5):627-39.

Godfrey KM, Reynolds RM, Prescott SL, Nyirenda M, Jaddoe VW, Eriks- 98.

son JG, et al. Influence of maternal obesity on the long-term health of
offspring. Lancet Diabetes Endocrinol. 2017;5(1):53-64.

Hu J, Aris IM, Oken E, Ma Y, Ding N, Gao M et al. Association of total 99.

and trimester-specific gestational weight gain rate with early infancy
weight status: a prospective birth cohort study in China. Nutrients.

Page 18 of 18

Child Trends Databank. Well-child visits; 2018. Available from: https://
www.childtrends.org/?indicators=well-child-visits. Accessed 07 Jun
2021.

Schmidtke C, Kuntz B, Starker A, Lampert T. Inanspruchnahme der Frih-
erkennungsuntersuchungen fir Kinder in Deutschland — Querschnit-
tergebnisse aus KiGGS Welle 2. J Health Monitoring. 2018;3(4):68-77.
Baur LA, Garnett SP. Early childhood - a critical period for obesity pre-
vention. Nat Rev Endocrinol. 2018;15(1):5-6.

Taal HR, Vd Heijden AJ, Steegers EA, Hofman A, Jaddoe VW. Small and
large size for gestational age at birth, infant growth, and childhood
overweight. Obesity. 2013;21(6):1261-8.

World Health Organization Regional Office for Europe. WHO European
Region has lowest global breastfeeding rates; 2015. Available from:
https://www.euro.who.int/en/health-topics/Life-stages/maternal-and-
newborn-health/news/news/2015/08/who-european-region-has-low-
est-global-breastfeeding-rates. Accessed 02 Dec 2021.

Brettschneider AK, von der Lippe E, Lange C. Breastfeeding behaviour in
Germany-News from KiGGS Wave 2. Bundesgesundheitsblatt Gesund-
heitsforschung Gesundheitsschutz. 2018;61(8):920-5.

Fair FJ, Ford GL, Soltani H. Interventions for supporting the initiation and
continuation of breastfeeding among women who are overweight or
obese. Cochrane Database Syst Rev. 2019;9(9):Cd012099.

Patel N, Dalrymple KV, Briley AL, Pasupathy D, Seed PT, Flynn AC, et al.
Mode of infant feeding, eating behaviour and anthropometry in infants
at 6-months of age born to obese women - a secondary analysis of the
UPBEAT trial. BMC Pregnancy Childbirth. 2018;18(1):355.

Jones A, Armstrong B, Weaver RG, Parker H, von Klinggraeff L, Beets MW.
Identifying effective intervention strategies to reduce children’s screen
time: a systematic review and meta-analysis. Int J Behav Nutr Phys Act.
2021;18(1):126.

Brown T, Moore TH, Hooper L, Gao Y, Zayegh A, ljaz S et al. Interven-
tions for preventing obesity in children. Cochrane Database Syst Rev.
2019;7:CD001871.

Galland BC, Taylor BJ, Elder DE, Herbison P. Normal sleep patterns in
infants and children: a systematic review of observational studies. Sleep
Med Rev. 2012;16(3):213-22.

Colmenarejo G. Machine learning models to predict childhood and
adolescent obesity: A review. Nutrients. 2020;12:2466(8).

Pencina MJ, Goldstein BA, D'’Agostino RB. Prediction models -
development, evaluation, and clinical application. N Engl J Med.
2020;382(17):1583-6.

Adibi A, Sadatsafavi M, loannidis JPA. Validation and utility testing

of clinical prediction models: time to change the approach. JAMA.
2020;324(3):235-6.

2019;11:280(2). 100. Crispin A, Klinger C, Rieger A, Strahwald B, Lehmann K, Buhr HJ, et al.
Saravanan P, Magee LA, Banerjee A, Coleman MA, Von Dadelszen P, Den- The DGAV risk calculator: development and validation of statistical
ison F, et al. Gestational diabetes: opportunities for improving maternal models for a web-based instrument predicting complications of colo-
and child health. Lancet Diabetes Endocrinol. 2020;8(9):793-800. rectal cancer surgery. Int J Colorectal Dis. 2017,32(10):1385-97.
Christenson A, Torgerson J, Hemmingsson E. Attitudes and beliefs in 101. Mansmann U, Rieger A, Strahwald B, Crispin A. Risk calculators-meth-
Swedish midwives and obstetricians towards obesity and gestational ods, development, implementation, and validation. Int J Colorectal Dis.
weight management. BMC Pregnancy Childbirth. 2020;20(1):755. 2016;31(6):1111-6.

Liu J, Rosenberg KD, Sandoval AP. Breastfeeding duration and perinatal 102.  Shiny from R Studio; 2020. Available from: https://shiny.rstudio.com.
cigarette smoking in a population-based cohort. Am J Public Health. Accessed 28 Oct 2021.

2006;96(2):309-14.

Orton S, Coleman T, Coleman-Haynes T, Ussher M. Predictors of Publisher’s Note

postpartum return to smoking: a systematic review. Nicotine Tob Res.
2018;20(6):665-73.

Rito Al, Buoncristiano M, Spinelli A, Salanave B, Kunesova M, Hejgaard
T, et al. Association between characteristics at birth, breastfeeding and
obesity in 22 countries: The WHO European Childhood Obesity Surveil-
lance Initiative - COSI 2015/2017. Obes Facts. 2019;12(2):226-43.

Li R, Jewell S, Grummer-Strawn L. Maternal obesity and breast-feeding
practices. Am J Clin Nutr. 2003;77(4):931-6.

Farpour-Lambert NJ, Ells LJ, Martinez de Tejada B, Scott C. Obesity and
weight gain in pregnancy and postpartum: an evidence review of life-
style interventions to inform maternal and child health policies. Front
Endocrinol (Lausanne). 2018;9:546.

Welten M, Wijga AH, Hamoen M, Gehring U, Koppelman GH, Twisk JWR,
et al. Dynamic prediction model to identify young children at high risk
of future overweight: development and internal validation in a cohort
study. Pediatr Obes. 2020;15(9):e12647.

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Geburten/Tabellen/geburten-mutter-alter-bundeslaender.html
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Geburten/Tabellen/geburten-mutter-alter-bundeslaender.html
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Geburten/Tabellen/geburten-mutter-alter-bundeslaender.html
https://www.childtrends.org/?indicators=well-child-visits
https://www.childtrends.org/?indicators=well-child-visits
https://www.euro.who.int/en/health-topics/Life-stages/maternal-and-newborn-health/news/news/2015/08/who-european-region-has-lowest-global-breastfeeding-rates
https://www.euro.who.int/en/health-topics/Life-stages/maternal-and-newborn-health/news/news/2015/08/who-european-region-has-lowest-global-breastfeeding-rates
https://www.euro.who.int/en/health-topics/Life-stages/maternal-and-newborn-health/news/news/2015/08/who-european-region-has-lowest-global-breastfeeding-rates
https://shiny.rstudio.com

	Predicting the earliest deviation in weight gain in the course towards manifest overweight in offspring exposed to obesity in pregnancy: a longitudinal cohort study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and populations
	Procedures
	Inclusion criteria for analysis
	Potential predictors of higher-than-normal BMI growth
	Growth outcomes until age 5 years

	Statistical analysis

	Results
	Characteristics of study populations
	BMI growth patterns in offspring
	Higher-than-normal BMI growth patterns in consecutive early-life phases
	Risk factors of higher-than-normal BMI growth
	Sequential prediction of higher-than-normal BMI growth

	Discussion
	Conclusion
	Acknowledgements
	References


